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Abstract

On-demand release of CO is realized through a novel NIR-responsive nanomedicine in favor of
the enhancement of therapy efficacy and bio-safety of CO therapy.
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It is well known that the inhalation of excess amount of carbon monoxide (CO) will cause
poisoning owing to a reduction in the oxygen-carrying capacity of hemoglobin (Hb).
However, low concentration of CO can play a role as messenger to regulate physiological
functions of nervous, cardiovascular and immune systems,! and has remarkable therapeutic
potential in the treatment of many relevant diseases, including inflammation,22 organ
transplantation and preservation,2? arteriosclerosis, 2 stroke,2d and cancer.[26-8] Controlled
administration of CO is therefore vitally important both to enhance the efficacy of CO
therapy and to evade the risk of CO poisoning. It is urgently desired to develop
nanomedicines which are capable of intracellular delivery and controlled on-demand release
of CO.3

To achieve intracellular delivery of CO, several nanomedicine formulas have been
constructed by conjugating CORMSs (Ru carbonyl, Mn carbonyl, etc.) on various nano-
carriers, such as micelles, 2 silica nanospheres,*? iron oxide nanoparticles,*¢ diamond
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nanoparticles,*d HPMA copolymer nanoparticles,*¢ diaminobutane dendrimer,* ferritin and
BSA proteins.*9:" However, CO release from these conjugated CORMS is either spontaneous
(Ru carbonyl) or only responsive to UV/Visible light (Mn carbonyl). The spontaneous
release lacks controllability and therefore has a potential risk of CO poisoning. Furthermore,
UV/Vis light has limited tissue penetrability and is also prone to phototoxicity, thus
restricting the bio-application of photo-responsive CORMs (photoCORMS). In contrast,
near-infrared (NIR) light has a greater depth of tissue penetration and a lower phototoxicity
than UV light.>2 Therefore, the NIR-responsive nanomedicine for controlled CO release has
the potential to mitigate the issues of UV light triggered release of CO, and is worth
pursuing through molecular and structural designs but has not been reported so far.5°¢ There
have been enlightening reports of linking NO-releasing molecules (NORMs) with NIR-
sensitive chromophore groups or nanoparticles, which can transfer NIR light energy into
chemical energy and consequently cause the photochemical release of NO.8 This strategy is
here presumed to work on CORM s for the desired NIR-responsive release of CO.

In this work, we constructed a NIR-responsive hanomedicine (MnCO-GO) for the first time
by caging Mn-carbonyl CORMSs within a small graphene oxide (GO) nanosheet, which was
employed as a drug carrier and also as a NIR light energy collector/converter to mediate the
photochemical release of CO from caged CORMs. As demonstrated in Scheme 1, GO was
used to absorb NIR light (green arrow) and transform photons into active electrons. The
electrons were transferred from GO to coordinated Mn-carbonyl molecules (green/blue
arrows), and then contested the 3d orbitals of Mn with carbonyls, finally causing the
detachment of CO from Mn (pink arrows). The MnCO-GO nanomedicine indeed has high
controllability and NIR-responsiveness/sensitivity for CO release, confirming the above-
mentioned hypothesis. A proof-of-principle study indicates that the MnCO-GO
nanomedicine allows intracellular delivery and controlled on-demand release of CO, and has
an anti-inflammation effect.

The morphologies of the initial reactant GO-NH, (armed-aPEG(NH;)g modified GO) and
the final product MnCO-GO were characterized by an atomic force microscope (AFM).
From Figures 1Al and B1, it can be found that both the reactant GO-NH, and the product
MnCO-GO showed uniform particle size and good dispersion in solution. Furthermore, from
the dimensional histograms shown in Figures 1A2 and B2, MnCO-GO kept the same
nanosheet shape to GO-NH, but had an increase of about 1 nm both in average height and in
average diameter compared with GO-NH,, suggesting the successful molecular coating. In
addition, such a small dimension (@22 nmx2 nm) of MnCO-GO is expected to favor the
cellular uptake and intracellular delivery of CO. Moreover, the UV-Vis-NIR absorption
spectrum measurement indicates that both the initial reactant GO-NH, and the final product
MnCO-GO have a broad adsorption band from UV to NIR region, and the maximum
adsorption peak is located at 255 nm,’@ indicating that the synthesized GO is in a reduced
form and therefore has good activity of electron transfer in favor of photochemical
decomposition.”?

In order to further confirm the chemical modification, the reactants and the final product
were characterized by FT-IR (Figure S1). According to the synthesis route as indicated in
Schemes S1 in the Supporting Information, 2,2’-bipyridine-4,4’-dicarboxylic acid (BPYDC)
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was firstly conjugated with GO-NH, to obtain BPY-GO for the following coordination of
Mn carbonyl, and then was modified with PEG to obtain water-dispersible PEG-BPY-GO.
To ensure the connection of GO and PEG on both sides of BPYDC through esterification,
BPYDC and PEG-NH, were in access of GO-NH, and BPYDC, respectively, and particle
products were washed multiple times to remove residual reactants. The success of
esterification reactions can be confirmed by the disappearance of carboxylic group and the
appearance of ester group, as indicated by green and blue arrows in Figure S1, respectively.
The obtained PEG-BPY-GO was further coordinated with MnBr(CO)s by replacing two
carbonyl groups to obtain PEG-BPY[MnBr(CO)3]-GO (abbreviated as MnCO-GO, see
Scheme S2). A remarkable increase of the absorption peak at 608 cm™1 (Figure S1) indicates
the formation of a m-backbonding of Mn-N, and the absorption peak of carbonyl group
shifts toward low frequency (as shown by the red arrow), indicative of a weakened bonding
of C=0, suggesting the partial replacement of carbonyl groups coordinated on Mn by
bipyridine group as a worse -acceptor ligand.8 This means that Mn carbony! had been
coordinated with bipyridine (BPY) within PEG-BPY-GO successfully, forming the expected
molecular structure of PEG-BPY[MnBr(CO)3]-GO (abbreviated as MnCO-GO, Scheme
S2). This molecular coordination does not involve redox reaction or the change in valence
states of Mn, bipyridine and the bipyridine-conjugated GO. After NIR-photoinduced release
of CO, water and/or oxygen will replace the position of released CO for coordination with
Mn. Through elemental analysis, the CORMs-caged capacity of GO was measured to be as
high as 881 mg carbony! per g of GO.

The NIR responsiveness of MnCO-GO for CO release in the PBS was investigated under the
excitation of 808-nm NIR light with different power densities (Figure 2). The CO
concentration in PBS was measured by an Hb method (Scheme S3) according to the Beer-
Lambert law (see the calculation method and Figure S2 in the Supporting Information). It
can be found that the precursor MnBr(CO)s was not responsive to NIR light but to UV light
for CO release (Figure S3). By comparison, MnCO-GO was highly responsive to NIR light
for CO release (Figure 2). This suggests that GO plays a key role in the NIR-responsive CO
release. Although GO in MnCO-GO has a photothermal effect, the increase of temperature
induced by MnCO-GO was very marginal (0.5°C) compared with the blank control without
MnCO-GO (Figure S4), owing to a considerably low particle concentration (3 pg/mL) and
relatively low absorbance at 808 nm compared with the maximum adsorption peak in the
UV region (Figure S5). Such a small temperature change did not lead to the decomposition
of MnCO-GO for CO release. Even when the concentration of MnCO-GO was increased to
12 pg/mL and NIR irradiation was replaced with direct heating, 5°C of temperature increase
did have measurable CO release within 25 min (Figure S6). Therefore, the NIR
responsiveness of MnCO-GO for CO release was not related to the photothermal effect of
GO even at high particle concentrations. It was therefore thought that the NIR-responsive
release of CO from the MnCO-GO nanomedicine was most possibly derived from a
photochemical decomposition effect. The NIR absorption and photochemical energy transfer
capacities of GO supported the photochemical decomposition of MNnCO-GO for the NIR-
responsive CO release. Metal carbonyl compounds including Mn carbonly are prone to UV
photochemical decomposition and CO release, but are inert/insensitive to NIR light,
probably owing to no obvious absorption in the NIR region.>¢ But after conjugation of Mn
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carbonyl with GO, GO can absorb NIR light and transform photons into active electrons,
which are transferred to coordinated Mn-carbonyl molecules and therefore cause the
decomposition of Mn carbonyl and the release of CO (Scheme 1). Moreover, MNnCO-GO
was also responsive to NIR light in a power density-dependent manner (Figure 2). Higher
power densities of NIR light caused faster release of CO from MnCO-GO. Therefore, it is
easy to control the CO release rate and amount by adjusting the NIR light power.

Furthermore, the CO release can be well fitted (adjusted /2 > 0.99) by a double-Boltzmann
model rather than a single-Boltzmann model or other models, suggesting that two kinds of
physical collision among low concentrations of reactant particles play a predominant role
(reaction-limited steps) over chemical reactions, as described by the two equations in Figure
S7. Through the fitting with a double-Boltzmann equation, several important kinetic
parameters are obtained (Table S1). It is very clear that about 30% CO was quickly released
from MnCO-GO under excitation of 808-nm laser within several minutes, and then residual
CO was released in a sustained way after 7, (inflection point). This kind of drug release
profile is thought to be very useful for prolonging drug efficacy and avoiding toxic side
effect by quickly achieving an effective drug concentration for therapy and then maintaining
the drug concentration within an effective but safe range. Furthermore, 7,is tunable by
adjusting the power density of laser. At a relatively high power density of NIR laser, the time
to achieve the highest CO-released amount was shorter ( 7y in Table S1), the CO release rate
was faster (K7 in Table S1) and the CO release amount was higher ( Y'in Table S1). This
subsequently accelerated the collision and adsorption of CO by Hb (K> in Table S1).
Therefore, we can facilely obtain the expected CO release rate and amount by adjusting the
power density of NIR laser and exposure time.

The NIR controllability of MnCO-GO for CO release was investigated, as shown in Figure
3. When NIR light was switched on, the release of CO was initiated; once NIR light was
switched off, the release of CO stopped completely. The repeat of switching NIR light could
also control the release of CO well in spite of the reduced rate of CO release with the
increase of NIR irradiation time. This indicates that MnCO-GO has an excellent NIR
controllability for CO release. The CO concentration can be well controlled on demand
through controlling the switching and power of NIR light, which is of great significance to
maintain the drug concentration within the therapeutic window and also reduce the risk of
CO poisoning.

Intracellular CO release profiles of MNCO-GO were measured using a CO probe COP-1
(Scheme S4). COP-1 was synthesized according to the Chang’s method (Scheme S5).° The
intermediate and final products during the synthesis of COP-1 were confirmed by 1H-NMR
spectra (Figures S8-S11). In order to check the applicability of COP-1 for detecting CO,
COP-1 was firstly used to measure the CO release from MnCO-GO in PBS. From
fluorescence monitoring results, the fluorescence intensity of the MnCO-GO solution
remarkably enhanced under the irradiation of 808-nm laser, while the control in the absence
of MnCO-GO exhibited only minor fluorescence after NIR irradiation (Figure S12). This
suggested that CO can indeed be detected using the synthesized COP-1. Furthermore,
COP-1 was used to detect the intracellular release of CO. Raw264.7 cells were chose as a
model cell line for the measurement of inflammatory response, and were cultured with
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MnCO-GO and COP-1 in turn. After residual nanoparticles and COP-1 outside cells were
washed off, cells were irradiated for different periods of time. As shown in Figure 4A, the
green fluorescence gradually enhanced with the increase of NIR irradiation time. By
comparison, there was no visible fluorescence in the control in the absence of MNnCO-GO
even after being irradiated by NIR light 10 min (Figure S13). Meanwhile, the fluorescence
of all cells seeded in the plate was measured using a multi-mode microplate reader (Figure
4B). Similarly to the results of qualitative fluorescence observation, the whole fluorescence
intensity of Raw264.7 cells treated with the MnCO-GO nanomedicine enhanced with the
increase of NIR irradiation time. These results consistently suggest that MnCO-GO can
responsively release CO in cells.

Unfortunately, it is not accurate to qualify CO concentration according to fluorescence
intensity because the CO-responsive fluorescence enhancement of COP-1 depends on
incubation/reaction time, probe concentration and their solubility in media according to their
reaction dynamics. Therefore, it is necessary to develop more accurate and efficacious probe
molecules for intracellular CO detection. Recently, Bernardes et a/. used a gas
chromatography reduced compound detection (GC-RCP) method to detect CO in tissue
digestion solution.4" Alternatively, a free radical analyzer associated with a CO sensor may
also be used to more accurately detect CO concentrations in tissue digestion solution.

The anti-inflammation effect of MnCO-GO was further investigated using Raw264.7 cells as
a model cell line. Several typical inflammation factors, including TNF-a, IL-6, IL-10, IL-12
and nitrite, were evaluated to reflect the inflammatory response of Raw264.7 cells. As
shown in Figure 5, Raw264.7 cells exhibited an intensive inflammatory response after
stimulation of lipopolysaccharides (LPS) as the levels of IL-6, IL-10, TNF-a and nitrite
enhanced remarkably (green bars). NIR irradiation without the treatment of the MnCO-GO
nanomedicine had no significant effect on these inflammation factors (red and blue bars). In
the absence of NIR irradiation, the treatment of Raw264.7 with MnCO-GO also did not
cause significant influence of these inflammation factors (turquoise bars). However, the
treatment of Raw264.7 with 50 pg/mL of MnCO-GO plus the irradiation of NIR light
effectively suppressed the levels of IL-6, IL-10, TNF-a and nitrite (pink bars), suggesting an
obvious anti-inflammation effect of MnCO-GO,10 and thus the anti-inflammation effect of
MnCO-GO should be due to NIR-responsive intracellular release of CO. Besides, MnCO-
GO had no obvious cytotoxicity to Raw264.7 cells in the concentration range of 3.1-50
ug/mL both before and after NIR irradiation (Figure S14), suggesting that MnCO-GO is safe
for NIR-responsive CO release and CO therapy.

In conclusion, we have successfully constructed a NIR-responsive MnCO-GO nanomedicine
by caging CORM s within a photochemical energy converter GO. This energy transfer
strategy can be extended to construct other nanomedicines for the responsive release of
various therapeutic gases. The MnCO-GO nanomedicine has extraordinarily high NIR-
responsiveness and controllability for CO release, and the CO release rate and amount can
readily be controlled by adjusting the irradiation time or power density of NIR light. The
intracellular release of CO from MnCO-GO has a remarkable anti-inflammation effect.
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Figure 1.
AFM images (A1, B1) and dimensional histograms (A2, B2) of GO-NH, (A) and MnCO-
GO (B).
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Figure2.
CO release profiles of MNnCO-GO (3 pg/mL) in PBS under the excitation of 808-nm NIR

light with different power densities (0.5, 1 and 2 W/cm?2). MnCO-GO (3 pg/mL) without
NIR irradiation and the equivalent molar amount of MnBr(CO)s with 2 W/cm?2 NIR
irradiation were used as controls.
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Figure 3.
The NIR controllability of MnCO-GO (3 ug/mL) for CO release by switching on/off 808-nm

NIR light (1 W/cm?).
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Figure 4.
Intracellular CO release profiles of MnCO-GO under the excitation of 808-nm NIR light

(0.1 W/cm?) detected with COP-1: (A) qualitative observation under fluorescence
microscope (upper: fluorescence images; lower: corresponding bright field images); (B)
statistics of the fluorescence intensity of treated Raw264.7 cells.
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Figureb.
The anti-inflammation effect of CO released from the MnCO-GO nanomedicine under NIR

irradiation (1 W/cm?2). LPS (1 pg/mL) was used to stimulate the inflammatory response of
Raw264.7 cells, and the absence of LPS and nanomedicine was the blank control.
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Scheme 1.
Molecular structure and NIR-responsive CO release mechanism of PEG-BPY[MnBr(CO)s]-

GO (abbreviated as MnCO-GO). MnBr(CO)s is caged in the bipyridine-conjugated GO. See
Schemes S1 and S2 in the Supporting Information for construction of MnCO-GO. Under the
excitation of NIR light, GO can absorb the energy of NIR light and then transform photons
into active electrons, which are transferred from GO to bipyridines and then to coordinated
Mn (green/blue arrows) and then contest the 3d orbitals of Mn with carbonyls, finally
leading to the detachment of CO from Mn (pink arrows).
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